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Light perception is indispensable for plants to
respond adequately to external cues and is linked
to proteolysis of key transcriptional regulators. To
provide synthetic light control of protein stability,
we developed a generic photosensitive degron
(psd) module combining the light-reactive LOV2
domain of Arabidopsis thaliana phot1 with the
murine ornithine decarboxylase-like degradation se-
quence cODC1. Functionality of the psd module was
demonstrated in the model organism Saccharo-
myces cerevisiae.Generation of conditional mutants,
light regulation of cyclin-dependent kinase activity,
light-based patterning of cell growth, and yeast
photography exemplified its versatility. In silico
modeling of psd module behavior increased under-
standing of its characteristics. This engineered
degron module transfers the principle of light-regu-
lated degradation to nonplant organisms. It will be
highly beneficial to control protein levels in biotech-
nological or biomedical applications and offers the
potential to render a plethora of biological processes
light-switchable.
INTRODUCTION
Plants are fundamentally dependent on quantitative and qualita-
tive light perception to respond in an adequate way. Usually, they
possess several photoreceptors that cover a broad range of
wavelengths and intensities. In previous years, it has become
more and more apparent that light regulation of plant behavior
is performed by proteolysis of key regulators. The central player
of this signaling cascade is the ubiquitin-protein ligase COP1
that is under negative control of several light-perceiving path-
ways. Active COP1 targets a vast amount of proteins for degra-
dation by the ubiquitin-proteasome system including several
transcription factors that are positive regulators of light-respon-
sive pathways (Ito et al., 2012; Lau and Deng, 2012). Light has
been recognized in recent years as an almost ideal external
signal to regulate intracellular processes with unmatched spatio-
temporal precision. The synthetic approach using genetically en-Chemistry & Biology 20,coded proteins to control protein activity by light is generally
referred to as optogenetics (Christie et al., 2012). So far, several
light-induced expression systems have been developed that
allow regulation of protein abundance (Kennedy et al., 2010;
Levskaya et al., 2005; Shimizu-Sato et al., 2002; Sorokina
et al., 2009), whereas light-dependent manipulation of protein
stability has been largely neglected. The only available method
involves intracellular formation of reactive oxygen species,
which may induce unwanted side effects (Bulina et al., 2006).
Until now, a synthetic tool that catches the essentials of light-
regulated proteolysis and could be generally used to study it in
other model organisms is not available.
A detailed reconstitution of the plant system of light-regulated
degradation is very challenging, as different components act
together in several pathways (Lau and Deng, 2012). However,
already a simple fusion of a light-perceiving domain that regu-
lates activity of a degradation-inducing sequence would be a
very valuable tool to regulate protein stability by light. A well-
studied protein domain for generation of such a synthetic,
light-reactive module is the light oxygen voltage (LOV2) domain
from phototropin (Christie et al., 1999; Herrou and Crosson,
2011). The LOV2 domain has been used extensively to control
protein activity by light or to regulate protein-protein interactions
due to its favorable features that make it suitable for usage in all
kingdoms of life (Strickland et al., 2008; Wu et al., 2009; Pham
et al., 2011; Strickland et al., 2012; Lungu et al., 2012). This
domain consists of a flavin mononucleotide-binding core
domain and the Ja-helical extension at the carboxy-terminus.
Upon irradiation with blue light, a cysteine of the core domain
forms a covalent adduct with the excited flavin mononucleotide
(FMN). This induces a conformational change within the core
followed by dissociation and unfolding of the Ja helix (Harper
et al., 2003). We reasoned that this conformational change could
be used to unmask a degradation-inducing sequence called
degron, thereby controlling protein stability by light. One degron,
compatible with such an activation mechanism, is that of murine
ornithine decarboxylase (ODC). The active ODC degron induces
ubiquitin-independent proteasomal degradation if attached to
the carboxy-terminus of a protein. It consists of an unstructured
peptide 37 amino acids long comprising a cysteine-alanine
motif, which is involved in recognition by the proteasome and
therefore important for degradation (Jariel-Encontre et al.,
2008). This degradation mechanism is conserved in yeasts, ver-
tebrates, and plants (DeScenzo and Minocha, 1993; Hoyt et al.,
2003).619–626, April 18, 2013 ª2013 Elsevier Ltd All rights reserved 619
Figure 1. Development of a psd
(A) Schematic design of the psdmodule in the dark
and lit states. In darkness, the cODC1 degron is
inactive and the fusion protein is stable. Upon
irradiation by blue light, the degron is activated
and induces proteasomal degradation of the
fusion protein.
(B) Realization of the psd module. Different con-
structs were tested for the ability to work as a psd
using the target protein RFP. Construct a was
derived by inserting seven amino acids from
the cODC degron (MSCAQES, ODC7) between
P616 and D617 of AtLOV2; construct b was
derived by fusing 23 amino acids from cODC1
(MSCAQESITSLYKKAGSENLYFQ, ODC23) after
P616 (psd module; the full sequence of the
construct can be found in Figure S1); construct c
was derived by fusing the same sequence after
E614, closer to the Ja helix; and construct d was
derived by using the full cODC1 degron (positive
control, ODC36). The relative position of the
cysteine-alanine (CA) motif to the Ja domain can
be approximated from the drawing. AtLOV2 alone
fused to RFP (construct e) was used as negative
control. RFP fluorescence was observed by
microscopy in dark and lit conditions.
See also Figure S1.
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Development of a Light-Reactive Degradation Domain
We constructed a conditional degron responsive to blue light
by fusing the Arabidopsis thaliana LOV2 domain (AtLOV2) of
phototropin 1 with parts of a synthetic ODC-like degron (Jung-
bluth et al., 2010). The degron sequence was attached to the
LOV2 domain such that one requirement for activation of the
ODC-like degron, an unstructured region of at least 16 amino
acids in length upstream of the cysteine-alanine motif, is met
only upon unfolding of the Ja helix of AtLOV2. Thus, blue-light
irradiation of AtLOV2 results in activation of the ODC-like degron
and leads to proteasomal degradation of the whole construct
(Figure 1A). Several fusions of AtLOV2 with the degron were
constructed, differing in length of the degron sequence and its
attachment point to AtLOV2 (Figure 1B, constructs a–c). All
fusions were placed close to the end of the Ja helix (amino
acids P616 or E614) and compared in their ability to act as a
light-regulatable degron with constructs d (AtLOV2 fused to
full-length degron) and construct e (AtLOV2 alone) in Saccharo-
myces cerevisiae. Only construct b resulted in efficient blue light-
control of protein abundance (Figure 1B). This construct was
termed the photosensitive degron (psd) module, and the
sequence is given in Figure S1 (available online).
Basic Characterization of the psd Module
Blue-light-induced depletion of red fluorescent protein (RFP)-
psd was observed within 4 hr, whereas abundance of RFP-
AtLOV2 was not affected (Figure 2A). Efficient target protein
destabilization depended on the presence of the cODC1 degron
and its cysteine-alanine motif; even low amounts of blue light
induced depletion of the RFP-psd fusion protein (Fig-
ure S2A). Saturation was achieved at light fluxes as low as
5 mmol m2 s1, as higher fluence rates did not increase the620 Chemistry & Biology 20, 619–626, April 18, 2013 ª2013 Elsevierdepletion rate (data not shown). Reappearance of the target pro-
tein after light-induced depletion was tested by exposure of
RFP-psd-containing cells to blue light and retransfer of the cells
into darkness. The tester protein was depleted by light and
partially recovered in darkness within 1 hr, whereas abundance
of RFP-AtLOV2 was not affected (Figure 2B). Mutations within
the LOV2 domain that inhibit FMN adduct formation (C53A;
dark state mutant) or freeze the domain in the lit state (I149E)
(Wu et al., 2009) inhibit light-induced destabilization or induce
light-independent depletion of the psd module (Figure S2B).
Moreover, we measured depletion kinetics of RFP-psd upon
irradiation with blue light. We found rapid decrease of the tester
protein to less than 10% of the starting levels within 2 hr (deple-
tion half-time ± SEM, 38 ± 1 min), whereas protein amounts of
the RFP control were only slightly reduced (Figure 2C; Fig-
ure S2C). This demonstrates that the performance of the psd
module equals that of a conditional degron based on the same
destabilization sequence (Jungbluth et al., 2010). To obtain
data comparable to other degrons, we measured the half-life
of RFP-psd using a cycloheximide chase experiment. We found
a half-life of 157 ± 6 min (SEM) for RFP-psd in cells kept in dark-
ness and 21 ± 1 min in cells exposed to saturating amounts of
blue light (Figure 2D; Figure S2D). The >7-fold change in stability
between dark and lit conditions demonstrates robustness of
light-induced destabilization by the psd module. The difference
between depletion half-time and half-life of RFP-psd illustrates
the influence of ongoing protein synthesis: The more target pro-
tein is made, the longer it takes to deplete it. Usage of weaker
promoters than ADH1, like CYC1, will be a way to obtain even
faster depletion of a target protein. Another possibility is to drive
expression of the construct by a regulatable promoter. In this
way, target gene expression can be shut down concomitantly
with destabilization of the target protein. Thus, depletion can
be expected to be close to the time we found for theLtd All rights reserved
Figure 2. Light Control of Protein Stability with the psd Module
(A) Blue light activates the psd module. Fluorescence microscopy images of
yeast cells expressing PADH1-RFP-AtLOV2 or PADH1-RFP-psd (plasmid based)
pregrown in the dark were incubated in the absence or presence of blue light
(LED lamp, 470 nm, 10 mmol m2 s1) for 4 hr. Scale bar, 4 mm.
(B) Reversibility of psd-module-induced target protein depletion. Yeast cells
expressing PADH1-RFP or PADH1-RFP-psd (plasmid based) were grown in liquid
medium in the dark. After removal of the first sample (t = 0 hr), cells were
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Chemistry & Biology 20,cycloheximide-chase experiment. For further characterization of
the light-induced degron, its blue light specificity was tested. As
expected, we found no significant change of target protein level
in the presence of red light (Figures S2E and S2F).
Next, we assessed the possibility to visualize blue light expo-
sure of yeast cells on a macroscopic level. Yeast cells producing
high amounts of RFP-psd were grown on plates in the presence
or absence of blue light. We found robust fluorescence in cells
exposed to darkness and no fluorescence in cells exposed to
blue light (Figure S3A). Quantification revealed that the dark/lit
ratio of RFP-psd is similar in cells producing high or low amounts
of RFP-psd (Figure S3B), showing that the protein synthesis rate
does not influence the light response of the psd module consid-
erably. To monitor the response of the psd module to various
light intensities, a gradient of blue light was applied on cells pro-
ducing RFP-psd. We observed a decrease in fluorescence upon
increasing exposure to blue light. Quantification of the fluores-
cence reveals a direct dependency of RFP fluorescence to
blue light illumination (Figure 3A; Figure S3C).
Furthermore, we were interested in obtaining a yeast strain
that allows to reproduce images directly on a yeast cell lawn.
We reasoned that induction of adenine auxotrophy by Ade2
depletion, which results in accumulation of a red pigment that
is produced from an intermediate of the adenine biosynthesis
pathway (Sharma et al., 2003), is a way to implement yeast
photography. We generated conditional adenine auxotrophy
by light-induced degradation of Ade2-RFP-psd (Figure S3D); us-
age of a gradient of blue light resulted in a gradual change of the
yeast lawn color from pale to red (Figure S3E). Spatial resolution
of pigment accumulation is high enough to allow photography on
yeast lawns (Figure 3B). Imaging on bacterial lawns has been
achieved before, which requires the addition of S-gal (3,4-cyclo-
hexenoesculetin-b-D-galactopyranoside) to the medium to visu-
alize the image (Levskaya et al., 2005). Using the Ade2-RFP-psd
strain does not require the addition of an external compound;
thus, the cells form a photosensitive screen with incorporated
development of the image in vivo. Overall, the psdmodule allows
the creation of fluorescence images or photographs based onexposed to blue light (LED lamp, 465 nm, 30 mmol m2 s1). After 4 hr of light
exposure, cells were transferred to the dark. Samples taken at the indicated
time points were subjected to alkaline lysis and immunoblotting. Antibodies
against tRFP and Tub1 (loading control) were used for detection (negative
control; neg c). Please note that even though the RFP-AtLOV2 fusion protein is
seven amino acids shorter than RFP-psd, it runs slightly slower in SDS-PAGE.
(C) Kinetics of psd-module-induced target protein depletion after exposure to
blue light. Yeast cells expressing PADH1-RFP or PADH1-RFP-psd (plasmid
based) were grown in liquid medium in the dark. After removal of the
first sample (t = 0 hr), cells were exposed to blue light (LED lamp, 465 nm,
30 mmol m2 s1). Curves are the means of RFP and RFP-psd protein amounts
obtained from six immunoblots (representative result shown in Figure S2C).
Error bars indicate SEM.
(D) Measurement of psd-module-induced target protein destabilization. Yeast
cells expressing PADH1-RFP-psd (plasmid based) were grown in liquid medium
in the dark. After removal of the first sample (t = 0 hr), cycloheximide (chx) was
added to stop protein synthesis; cells were kept in the dark or exposed to blue
light (LED lamp, 465 nm, 30 mmol m2 s1) for the rest of the experiment.
Curves are the means of RFP-psd protein amounts obtained from nine inde-
pendent measurements. Error bars indicate SEM. The representative result is
shown in Figure S2D.
See also Figure S2.
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Figure 3. Characterization of psd Module
Behavior on a Macroscopic Level
(A) Input-output characteristics of the psd module
in a plate assay. A neutral density gradient (up-
permost image on the left) was used to generate a
blue light gradient (465 nm; intensity from 0.04 to
3.54 mmol m2 s1), which was applied on cells
expressing PTDH3-RFP-psd (plasmid based).
Yeast cell growth is shown in the middle image on
the left (bar size, 1 cm), RFP fluorescence intensity
is represented as a heat map (lower left image).
Background corrected fluorescence (right graph,
red curve) was plotted together with calculated
blue light intensity (blue curve).
(B) Yeast photography. The RFP-psd module was
inserted chromosomally at the 30 end of ADE2
(YDS91). Cells were grown for 3 days at 25C on
solid medium and irradiated by blue light (465 nm,
10 mmol m2 s1) using a mask with an inverted
black-and-white image of the ‘‘Alte Universita¨t’’ in
Marburg, Germany (right image). The resulting
yeast photograph is shown on the left side. Bar
size, 1 cm.
See also Figure S3.
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opportunity to store information in a community of cells in a
nonpersistent way.
Cell Cycle Progression Driven by Light
To implement cell cycle control by light, we fused the psd mod-
ule to dominant-active versions of two regulators of the cyclin-
dependent kinase Cdc28. One is Clb2, lacking the degradation
box (24RLALNNVTN34) sequence (Surana et al., 1993); the other
is a shortened version of the cyclin B/Cdc28 inhibitor Sic1, lack-
ing the SCFCdc4-dependent degradation sequence located
within the N-terminal 105 amino acids (Berset et al., 2002).
Thus, the endogenous cell-cycle-dependent regulation of Clb2
or Sic1 stability was replaced by light-dependent regulation via
the psdmodule (Figure S4A), which should allow external control
of mitosis and G1/G2 transition, respectively (Nasmyth, 1996).
As expected, cells expressing the Clb2 or the Sic1 construct
grew very well in the presence of blue light due to low levels of
Clb2Ddb-3myc-psd or DNSic1-3myc-psd but accumulated these
Cdc28 regulators and failed to grow in the dark (Figure 4A; Fig-
ures S4B and S4C). Analysis of cell cycle stages revealed that
construct-bearing and control cells behave essentially the
same during blue light exposure (Figure 4B; Figure S4D). After
5 hr in darkness, the majority of clb2Ddb-3myc-psd-expressing
cells exhibited a defect inmetaphase to anaphase transition (Fig-
ure 4B). Cells were mostly large budded with short spindles
localized at the bud neck (Figure S4D). This matches the pheno-622 Chemistry & Biology 20, 619–626, April 18, 2013 ª2013 Elsevier Ltd All rights reservedtype reported for cells overproducing an
amino-terminal truncated version of
Clb2 (Ghiara et al., 1991); however, it
has been reported as well that similar mu-
tants arrest as large budded cells with
elongated spindles classified as telo-
phase (Surana et al., 1993) or mitotic
exit defect (Wa¨sch and Cross, 2002).These differences might arise due to the usage of different strain
backgrounds, Clb2 constructs, or experimental conditions,
which affect the exact point at which the cells arrest in the cell
cycle. Cells expressing DNsic1-3myc-psd were mostly large
budded with multiple buds after 5 hr in darkness (Figure 4B; Fig-
ure S4D), which is the typical phenotype of cells arrested during
G1/S transition due to cyclin B/Cdc28 complex inhibition (Dirick
et al., 1995; Hodge and Mendenhall, 1999).
Photo-Switchable Mutants
To create conditional mutants, which are switched between
permissive and restrictive conditions by light, we fused the
RFP-psd module chromosomally to CDC5, CDC14, PMA1, and
MCM1 and the 3myc-psd module to CDC48, UFD1, NPL4,
SEC62, and SEC63. All these genes are essential for the growth
of yeast (Giaever et al., 2002). The membrane protein Sec63
localizing in the endoplasmatic reticulum was included to serve
as an internal control, as its C terminus faces the ER lumen.
Therefore, no change in abundance is expected for this
construct upon illumination with blue light. Cdc14 and Pma1
taggedwith RFP-psd localized as reported for the green-fluores-
cent-protein-tagged proteins (Figure S5A; Huh et al., 2003),
whereas for the other proteins tagged with RFP-psd, no clear
localization was observed (data not shown). We found blue
light-dependent growth inhibition in the cases of cdc5-RFP-
psd, cdc14-RFP-psd, cdc48-3myc-psd, ufd1-3myc-psd, npl4-
3myc-psd, sec62-3myc-psd, and mcm1-RFP-psd, whereas
Figure 4. Control of Cell Cycle Events by Light
(A) Serial dilutions (1:5; first spot about 2,400 cells) of control (YDS28), clb2Ddb-
3myc-psd, and DNsic1-3myc-psd (plasmid-encoded) cells were spotted on
YPD plates and incubated 3 days at 25C in absence or presence of blue light
(465 nm, 20 mmol m2 s1).
(B) The same yeast strains as in (A) were pregrown under blue light and then
exposed to blue light (465 nm, 30 mmol m2 s1) for 5 hr or kept in darkness
over the same time and finally used for image acquisition. Differential inter-
ference contrast and fluorescence images (RFP-Tub1) were used to catego-
rize cell cycle stages according to the examples shown in the lower left. Scale
bar, 3 mm. Circular graphs (outer ring: 5 hr darkness; inner ring: growth
exposed to blue light) show the mean distribution of cell cycle stages obtained
from four biological replicates counting at least 100 cells for each replicate.
See also Figure S4.
Figure 5. Generation of Conditional Mutants Using the psd Module
(A) The gene encoding for the psd module together with RFP or 3myc was
fused chromosomally to the 30 end of CDC5 (YCT1316), CDC14 (YCT1315),
MCM1 (YDS120), PMA1 (YCT1338), CDC48 (YDS175), UFD1 (YDS187), NPL4
(YDS191), SEC62 (YDS174), and SEC63 (YDS188). Serial dilutions of cells
(1:5 dilutions; first spot about 2400 cells) were spotted on YPD plates and
incubated three days at 25C in absence or presence of blue light (465 nm,
20 mmol m2 s1).
(B) Blue-light induced cell patterning. sec62-RFP-psd mutant cells (YDS82)
were spread on solid medium and blue light (465 nm, 7 mmol m2 s1) was
applied for 3 days. The star-shapedmask (shown in the left image) was used to
block light in the center of the plate. Growth of the yeast cells is shown on the
right side. Bar size, 1 cm.
See also Figure S5.
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not affected by light (Figure 5A). Immunoblotting experiments
using 3myc-psd-tagged variants showed a decrease in target
protein abundance for all mutants except Sec63-3myc-psd (Fig-
ure S5B). Then, we analyzed the cell cycle stages based on cell
and spindle morphology for cells bearing Cdc5-3myc-psd,
Cdc14-3myc-psd, and Cdc48-3myc-psd grown in darkness or
under blue light. All three mutants showed distinct changes in
the distribution of the cell cycle stages after blue light exposure,
especially Cdc48 depletion, which resulted in an almost com-
plete arrest at metaphase to anaphase transition (Figure S5C).
To investigate specificity of light-induced degradation, we
measured the abundance of interaction partners upon depletion
of essential proteins tagged with the psd module. A slight
decrease in protein levels was observed for Kin4 and Spc72
upon loss of Cdc5, whereas no change was detectable in all
other cases (Figure S5D). This indicates that, in the majority ofChemistry & Biology 20,cases, destabilization of one complex subunit does not induce
degradation of the other members. Furthermore, we tested
whether the light sensitivity of the sec62-RFP-psd mutant could
be used for light-based growth patterning.We spread themutant
evenly on a plate and projected a star-shaped pattern on the cell
lawn. The sec62-RFP-psdmutant cells grew only in the area pro-
tected from blue light by the mask (Figure 5B).
Simulation of psd Module Behavior
In an attempt to increase our understanding of psd module
behavior, we performed in silico modeling using the computer-
aided design software TinkerCell (Chandran et al., 2009). The
model includes protein synthesis and takes into account conver-
sion from dark to lit state and its back reaction (light conversion619–626, April 18, 2013 ª2013 Elsevier Ltd All rights reserved 623
Figure 6. In Silico Modeling of psd Module
Behavior
(A) Graphical representation of the TinkerCell
model for light-induced degradation of the psd
module. A detailed description of the model and
the values used for our simulations can be found in
the Experimental Proceduressection. For genera-
tion of the graphs, total amounts of PSD (PSDdark +
PSDlit) were calculated.
(B) Simulated amounts of PSDtotal synthesizedwith
different promoter strength (PP1 = 1; 2; 4; 8) at
increasing light intensities corresponding to light
fluxes from 0 to 30 mmol m2 s1.
(C) Light response of the psd module. Normalized
PSDtotal amounts at different light intensities [0.04
to 3.54 mmol m2 s1 plotted as k(hn) values]
simulated with TinkerCell compared to mean
values of normalized fluorescence in cells exposed
to a blue-light gradient (n = 3). Error bars, SD. The
representative experiment is shown in Figure 3A
and Figure S3C).
See also Figure S6 and Table S3.
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[dark]), as well as endogenous and light-induced degradation
(Figure 6A). To validate the model, we compared the experimen-
tally obtained depletion half-time with the in silico data and found
similar values (38 ± 1 min versus 36.5 min; Figure S6A). Then, we
simulated the influence of increasing promoter strength on the
protein level of the psd module (PSDtotal) in dark (PSDdark) and
lit (PSDlit) states at different light conditions. We found increasing
amounts of PSDtotal with increasing promoter strength (Fig-
ure 6B). However, the ratio of PSDtotal in darkness to PSDtotal
at saturating light conditions is independent from the promoter
strength, and for all conditions, a ratio of 7.8 was obtained.
Experimentally, we found, for a very strong promoter, a ratio of
7.0 (PTDH3-RFP-psd) and, for a promoter with intermediate
strength (PADH1-RFP-psd), a ratio of 9.4 in plate assays (Figures
S3A and S3B). An unpaired t test did not show a statistically sig-
nificant difference in the two measurements, which suggests
that the experimentally obtained data, as well as the simulation,
are in agreement with an independence of the psd module
response from protein synthesis rate.
Next, we simulated the response to different illumination inten-
sities and compared it to our plate measurements (Figure 3A).
We found good agreement of the simulated light response with
the in vivo measurements (Figure 6C). This argues for a direct,
nonlinear dependency of target protein abundance on illumina-
tion strength invoked by the features of the AtLOV2 domain [light
conversion, k(dark), k(leak)] and the degradation rates.
A high ratio between the number of molecules in darkness and
the number ofmolecules under illumination is important for appli-
cability of the psd module. To direct future developments of the
photosensitive degron, its behavior was simulated using param-
eters that change properties of the light response or degradation
characteristics. We followed psd module behavior in silico using
different values for dark state recovery rate k(dark) and lit state
conversion in darkness k(leak). Minimization of k(leak) increased624 Chemistry & Biology 20, 619–626, April 18, 2013 ª2013 Elsevierthe dark/lit ratio moderately because of the lower degradation
rate in darkness (Figure S6B). The dark state reversion rate
k(dark) influences the number of target molecules in darkness
but also competes with light conversion under illumination.
The calculations resulted in an optimal value for k(dark) of
0.42 min1, which equals a dark recovery half-time of 100 s
(Figure S6C) and is close to the 70 s [k(dark) = 0.59 min
1] of
AtLOV2. However, the simulation predicted a substantial impact
of the psd-independent and psd-dependent degradation
rates, k(degENDO)/k(degLOV), on the dark/lit ratio. Slight increase
of k(degLOV) raised the dark/lit ratio considerably, indicating a
more efficient psd module (Figure S6D). In total, the in silico
modeling points to the cODC-like degron as the most promising
target for further improvement of the psd module.
In the present study, the psd module was used to control the
stability of target proteins using light as a transducer. It comple-
ments already existing modules for control of gene expression
by light (Levskaya et al., 2005; Shimizu-Sato et al., 2002; Wang
et al., 2012), providing a complete toolbox to control the synthe-
sis and stability of a selected protein. Significantly, the usage of a
phytochrome/phytochrome-interacting protein-based expres-
sion system that reacts on irradiation by red and far red light (Shi-
mizu-Sato et al., 2002; Sorokina et al., 2009) in combination with
the psdmodule allows independent regulation of production and
stability of a target protein. Thus, target protein levels can be
controlled very precisely using three different light sources.
A slight drawback on general usage of the psd module for
manipulation of protein stability might be that the time necessary
for depletion of a target protein is longer compared to other
methods for induced protein degradation (Nishimura et al.,
2009), asking for further development of the psd module to alle-
viate this constraint. However, we demonstrated that the psd
module is ready to be used for many different applications. No
requirement of temperature or specialized medium has to be
met, as is the case for other methods. The target proteins thatLtd All rights reserved
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biological functions like cell cycle control, secretion, transcrip-
tion, and biosynthesis, which demonstrates the ease with which
the psd module can exert light control on a variety of cellular
behaviors.
SIGNIFICANCE
A highly versatile optogenetic tool to regulate protein stabil-
ity was engineered by fusing the light-reactive domain LOV2
from Arabidopsis thaliana with a degradation signal derived
from murine ornithine decarboxylase. We demonstrated in
Saccharomyces cerevisiae that this generic photosensitive
degron (psd) module can be used to control the stability of
soluble and membrane proteins with their carboxy-termini
exposed to the cytosol or nucleoplasm. It allowed creation
of conditional mutants, control of the cell cycle, shaping of
yeast growth into any chosen pattern, or reproduction of
images on a cell lawn. The psd module is smaller (20 kDa)
than commonly used fluorescent proteins and responds to
blue light at intensities that are orders of magnitude lower
than those used for fluorescence imaging. Hence, usage of
the psd module should not lead to unwanted side effects
for the majority of cell biological applications. Besides,
evolutionary conservation of the degradation sequence
implies that the psdmodule is functional in other eukaryotes
as well. There, high spatial resolution of light might enable
applications based on themacroscopic patterning of protein
activities or cell growth, which could provide an attractive
alternative to template-based approaches currently used
for tissue engineering (Kaji et al., 2011). In summary, the
psd module reconstructs the essence of light-regulated
proteolysis from plants in a simple model organism, thus
offering precise light control of protein levels in biotechno-
logical or biomedical applications.
EXPERIMENTAL PROCEDURES
Yeast Strains, Growth Conditions, and Plasmids
The Saccharomyces cerevisiae strains are derivatives of the S288C strain
ESM356 (Pereira et al., 2001). All strains are listedwith their relevant genotypes
in Table S1. Standard preparations of media were used for growth (Sherman,
2002). Yeast strains with chromosomally encoded psd module fusions were
constructed by chromosomal tagging using PCR products (Janke et al.,
2004) obtained with pCT337 or pDS96 as template. Cells were transformed
with plasmids and PCR products by the lithium acetate method (Schiestl
and Gietz, 1989). Low-fluorescence medium (Taxis et al., 2006) was used to
grow yeast cells in liquid cultures. Blue light irradiation of yeast cells was
performed using CLF floraLED modules (470 nm; CLF Plant Climatics,
Wertingen, Germany) and high-power LED stripes (465 nm; revoART,
Borsdorf, Germany). Very high doses of blue light have been reported to
induce slow growth in yeast (Ninnemann et al., 1970). However, growth was
not influenced at fluence rates (465 nm or 470 nm, 5–30 mmol m2 s1) used
for our experiments (data not shown).
Plasmids were constructed by standard procedures (Ausubel et al., 1995),
and details and sequences of the used vectors are available on request; yeast
plasmids are listed in Table S2. Yeast cells for light-based patterning and serial
dilution experiments were grown on yeast extract peptone dextrose (YPD) or
synthetic complete medium (Sherman, 2002) in the presence or absence of
blue light (465 nm or 470 nm, 20 mmol m2 s1) at 25C. The neutral density
gradient (8.8 cm; optical density 0.04–2.0), whichwas used to generate graded
blue light intensities, was purchased from Thorlabs (Dachau, Germany). YeastChemistry & Biology 20,cells expressing PTDH3-RFP-psd (plasmid based) were spread on solid
medium and incubated at 30C for 3 days to obtain the light response. Yeast
cells without plasmid (ESM356-1) grown under the same conditions were used
to obtain background fluorescence. A common inkjet printer was used to
transfer the inverted image of the ‘‘Alte Universita¨t’’ on a transparency foil,
which then was used for illumination. Images were taken with a Canon Power-
shot A620 digital camera.
TinkerCell Simulations
The model was generated using the computer-aided design tool TinkerCell
(Chandran et al., 2009). It contains a preset module for protein production
(pp1), which describes gene expression, mRNA stability, and translational ef-
ficiency, as well as endogenous degradation of PSDdark (degENDO). We
added conversion of PSDdark to PSDlit by light (hn) or dark conversion (leak).
Decrease of PSDlit is described by dark state recovery (dark), endogenous
degradation (degENDO), and light-induced degradation (degLOV). The total
amount of PSD (PSDtotal = PSDdark + PSDlit) was used to generate the graphs.
The reactions are all first order or pseudo-first-order reactions; therefore, all
conversion rates could be calculated using values from literature or our exper-
iments (Table S3). For first-order reactions, the conversion constants can be
calculated with the formula k = ln(2)/t(1/2). The values for the simulations
were either obtained from literature [k(dark) = 0.59 min
1, assuming a dark state
recovery half-time of 70 s; Terazima, 2011; or k(leak) = 0.0118 min
1, assuming
that 2% of the LOV2 molecules exhibit an unfolded Ja in darkness; Yao et al.,
2008] or measured [k(degENDO) = 0.0025 min
1, corresponding to a half-life of
273 min of the protein RFP-LOV2; data not shown; or k(degLOV) =
0.033 min1, corresponding to a half-life of 21 min for RFP-LOV2-cODC).
The light conversion rate k(hn) = 0.0404 min
1 (at 1 mmol m2 s1) was calcu-
lated from the quantum yield of FMN (0.26 [Drepper et al., 2007] multiplied
by the FMN cross-section of 4.3 3 1017 cm2 at its lmax = 450 nm; Islam
et al., 2003) and the number of photons (for a light flux of 1 mmol m2 s1,
this is 6.023 3 1013 cm2 s1). We used the TDH3 promoter for expression
of RFP-psd in the light response experiment on plate; therefore, the values
for expression, mRNA characteristics, and protein numbers of TDH3 (mRNA
synthesis rate, 188.1 mRNA hr1; mRNA half-life, 18 min; 89 mRNA molecules
per cell, and 169,000 protein molecules per cell) were used for the initial sim-
ulations. As we found that psd module behavior is, in most aspects, indepen-
dent from protein synthesis rates (Figure 6B), we kept these values for the
other simulations as well.
Descriptions of microscopy, quantitative measurements, and immunoblot-
ting are available in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, three tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
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